Background. Probiotics have a possible role in the treatment of pediatric acute gastroenteritis. We report the effect of the probiotic Lactobacillus rhamnosus GG (LGG) on intestinal function, immune response, and clinical outcomes in Indian children with cryptosporidial or rotavirus diarrhea.
Probiotics, predominantly Lactobacillus rhamnosus GG (LGG), have been used in the treatment of diarrheal illness, with minimal side effects [6] [7] [8] [9] . Reviews showed benefit in acute rotavirus diarrhea, with significant reduction in duration [10] . In animal models, probiotics reduce Cryptosporidium shedding [11, 12] , but no studies have been performed in children. Studies suggest that probiotics modulate the innate and adaptive immune response, particularly in the gastrointestinal tract [13] [14] [15] , and intestinal barrier function [16, 17] . This study assessed the effect of LGG (ATCC 53103) on intestinal function of children with rotavirus or cryptosporidial diarrhea.
METHODS

Study Design
A randomized, double-blind, placebo-controlled clinical trial was conducted at the Christian Medical College, Vellore, India, between May 2010 and July 2011. Children between the ages of 6 months and 5 years with diarrhea, positive for either rotavirus or Cryptosporidium species and resident within 20 km, were eligible. Children with coinfections ( presence of both rotavirus and Cryptosporidium), severe malnutrition, probiotic consumption in the preceding month (other than yogurt), allergy to probiotics, or acute abdomen or colitis were excluded. Written informed consent was obtained, and children were randomized to LGG (ATCC 53103) or placebo. The study was approved by the institutional review boards of Christian Medical College, Vellore and Tufts University School of Medicine, Boston and registered with the Clinical Trials Registry of India (CTRI/2010/091/000339).
Study Intervention
The randomization code was provided by a nonstudy statistician to a research pharmacist who dispensed the LGG and the placebo, labeled by subject identification numbers. Randomization assignments were made in permuted blocks of sizes 2 and 4 for a 1 : 1 randomization.
The probiotic LGG was a gelatin capsule with 1 × 10 10 organisms and 170 mg of microcrystalline cellulose; the placebo contained 170 mg cellulose. The intervention started at recruitment. However, children prescribed bactericidal antibiotics started the intervention after the antibiotics, usually 3 days later. The intervention was provided weekly, with room temperature storage, with the contents of 1 capsule given once daily in boiled and cooled milk. The LGG (Culturelle) and the placebo were supplied by i-Health Inc (Cromwell, Connecticut).
Baseline Assessment and Data Collection
Data on sociodemographic, anthropometric, and clinical parameters, including the duration of diarrhea, associated vomiting, fever, dehydration, severity of diarrhea, and treatment, were collected at recruitment. Diarrhea was defined as ≥3 loose watery stools within a 24-hour period [18] . On resolution of the diarrheal episode, a stool sample and 1 serum ( preintervention) sample were collected and a lactulose to mannitol (L:M) test was conducted to assess intestinal function. A high L: M ratio is suggestive of an increased intestinal permeability due to disruption of the intestinal barrier system [19] .
On alternate days, field workers visited study homes to obtain morbidity information and assess compliance. Illnesses were treated by the study physicians or referred to hospital. After 4 weeks, postintervention stool and serum, and anthropometric measurements were obtained and an L:M test was performed.
Sample Size
In a study involving Gambian children, the mean L:M ratio in children affected by intestinal infections was 0.3 (SD, 0.2) [20] . With an expected reduction with probiotics of 40% for rotavirus and 50% for Cryptosporidium, an α error of 5%, a power of 80%, and an allocation ratio of 1:1, the sample sizes were calculated to be 44 children with rotavirus diarrhea and 28 children with Cryptosporidium diarrhea in each arm.
Screening for Rotavirus and Cryptosporidium Species
Rotavirus detection was by VP6 antigen enzyme-linked immunosorbent assay (ELISA) (ProSpecT Rotavirus, Oxoid, Basingstoke, UK), and genotyping as previously described [21] . Fecal samples were screened for Cryptosporidium species by microscopic examination and 18S ribosomal RNA polymerase chain reaction [22] , followed by restriction fragment-length polymorphism analysis for species determination [23] .
Tests of Intestinal Permeability
After 4 hours of fasting, children were given a test solution containing 5 g lactulose (Duphar Laboratories, Southampton, UK) and 1 g mannitol (Dr Reddy's Labs, Hyderabad, India) in 20 mL water. Urine was collected for 5 hours and the total volume recorded. An aliquot was preserved with chlorhexidine (0.236 mg/mL of urine; Sigma Chemical, St Louis, Missouri). The lactulose and mannitol concentrations were measured by highpressure liquid chromatography with light scatter detection [24] . Based on the mean + 2 SD L:M ratio in a group of healthy southern Indian children, a value of >0.0832 was considered indicative of impaired intestinal function [25] .
ELISA for Assessment of Serological Response to Rotavirus and Cryptosporidial Diarrhea
For every child with rotavirus, the pre-and postintervention serum samples were analyzed for antirotavirus immunoglobulin A (IgA) and immunoglobulin G (IgG) antibodies by an antibodysandwich enzyme immunoassay [26] . Serum IgG and IgA levels to Cryptosporidium glycopeptide (gp)15 were quantified by ELISA using a recombinant gp15 antigen [27] .
Assessment of Malnutrition, Hemoglobin and Serum Ferritin Levels
Height-for age (HAZ), weight-for-height (WHZ) and weightfor-age (WAZ) z-scores were calculated using the 2006 World Health Organization child growth standards [28] . Children were classified as stunted (HAZ less than −2 SD), wasted (WHZ less than −2 SD), underweight (WAZ less than −2 SD) or normal based on their z-scores.
Hemoglobin was measured on venous blood (Becton Dickinson Automated Hematology Analyzer, Franklin Lakes, NJ, USA). Serum ferritin was measured by chemiluminescence (Siemens ADVIA Centaur® XP Immunoassay System, Erlangen, Germany).
Statistical Analysis
All variables were examined using descriptive statistics, dispersion for continuous variables, frequency counts, and marginal percentages with 95% confidence intervals for categorical variables. Comparisons between the 2 groups were done using t tests for normally distributed variables (or nonparametric tests for nonnormally distributed variables) and χ 2 tests for categorical variables. All differences were considered statistically significant if the 2-tailed P value was ≤.05. Data analysis was performed using SAS software, version 9.2 for Windows (SAS Institute, Cary, North Carolina). A sensitivity analysis excluding children on antibiotics at recruitment was also performed.
RESULTS
Study Enrollment and Follow-up
Of the 1636 children screened, 152 and 101 children had rotavirus and cryptosporidial diarrhea, respectively, and 124 children (82 with rotavirus and 42 with cryptosporidial diarrhea) who were available for follow-up were enrolled ( Figure 1 ). All children except 1 completed the study. A majority of children (89 [72%]) were 100% compliant, and all 123 children who completed the study had >80% compliance. None of the enrolled children received a rotavirus vaccine.
Baseline Characteristics
The median age at recruitment was 13 months (interquartile range [IQR], 10-19 months). Children with rotavirus diarrhea were younger at 11 months (IQR, 9-16 months) than those with cryptosporidial diarrhea at 18 months (IQR, 14-21 months) (P < .001).
Most (76/124 [61%]) children were male. Of the 122 families for whom socioeconomic status was available, 93 (76%) were of low socioeconomic status using the Kuppuswamy scale [29] .
Children were weaned at a median age of 6 months (IQR, 5-6 months), and most children (69/124 [56%]) were being exclusively or partially breastfed at recruitment. Twenty-five (20%) children had a history of yogurt intake. Eighteen children (15%) were prescribed antibiotics by the treating physician for the current diarrheal episode; most (14/18 [78%]) were bactericidal antibiotics. The baseline characteristics in the LGG and placebo groups were comparable, including (Table 1 ) and Figure 1 . Flow diagram of study recruitment and follow-up. Table 1 ) children who were prescribed antibiotics.
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Clinical Characteristics of Diarrhea at Enrollment
The median duration of diarrhea was 4 days (IQR, 3-6 days), with 2 children (1 each with rotavirus and Cryptosporidium) having diarrhea for >14 days. Eighty-eight (72%) children had associated vomiting, for a median of 2 days (IQR, 1-2 days). Similarly, 104 of 121 (86%) children had associated fever. Using the Vesikari scoring system for diarrhea severity [30] , the median score was 9 (IQR, 7-11), with 34 of 116 (29%) children with complete data having severe diarrhea (Vesikari score ≥11). A significant proportion of children (P = .044) with rotavirus infection (23%) had more severe disease than those with cryptosporidial infection (6%). The clinical parameters of the diarrheal episodes (duration and severity of diarrhea, associated vomiting, fever, and dehydration) were comparable (Table 2 and Supplementary Table 2 When children prescribed antibiotics prior to recruitment were excluded from analysis, the numbers decreased to 69 rotavirusinfected and 37 Cryptosporidium-infected children; the proportion of children with impaired intestinal function was not significantly different between the probiotic and placebo groups both pre-and postintervention (Supplementary Table 3) , although a trend in improvement of intestinal function was seen.
When the preintervention L:M ratios were compared, children with cryptosporidial diarrhea (median, 0.219 [IQR, 0.150-0.639]) had a significantly higher L:M ratio than those with rotavirus diarrhea (median, 0.104 [IQR, 0.050-0.201]; P < .001). Among children with cryptosporidial diarrhea, a reduction in the postintervention L:M ratio was observed both in the LGG (from a median L:M ratio of 0.247 preintervention to 0.074 postintervention; P < .001) and the placebo groups (from 0.189 to 0.091; P = .170), but was statistically significant only in children receiving LGG ( Figure 2C ). In contrast, among children with rotavirus diarrhea, those receiving LGG showed some evidence of improved intestinal function (reduction in the median L:M ratio from 0.096 preintervention to 0.078 postintervention), although it was not statistically significant (P = .074; Figure 2B ).
Of the 79 children with impaired intestinal function at recruitment, for whom postintervention L:M results were available, 38 (48%) had improved intestinal function. Children given probiotics (27/46 [59%]) were more likely to show improvement than those given placebo (11/33 [33%]; P = .026). Repeating the analysis separately for children with rotavirus (59% for probiotic group vs 30% for placebo group; P = .048) and cryptosporidial (59% for probiotic group vs 38% for placebo group; P = .269) diarrhea yielded similar results, although the difference was not statistically significant for children with cryptosporidial diarrhea. The proportion of children with diarrhea during follow-up was comparable between those with and without improved intestinal permeability (34% vs 32%; P = .813), irrespective of whether they had rotavirus (44% vs 27%; P = .224) or cryptosporidial (20% vs 40%; P = .232) diarrhea, or received probiotics (33% vs 32%; P = .901) or placebo (36% vs 32%; P = .794).
Serological Response to Rotavirus Diarrhea
Rotavirus IgA and IgG Response
The median IgA (130 vs 196 ELISA units [EU] ) and IgG (819 vs 1597 EU) antibody levels in all seropositive children increased from baseline to postintervention, but only IgG was statistically significant in all children (P = .004) and those receiving probiotics (P = .003) ( Table 3) . Results were similar when children on antibiotics at the time of recruitment were excluded (Supplementary Table 4 ).
Serological Response to Cryptosporidial Diarrhea
Cryptosporidium gp15 IgA and IgG Response
The median IgA and IgG antibody levels declined significantly from pre-to postintervention when all children were considered (IgA: from 5027 to 4490 EU, P = .051; IgG: from 73 554 to 72 448 EU, P = .020), but not when analyzed by the probiotic and the placebo groups (Table 3) . Excluding children on antibiotics at the time of recruitment, however, resulted in a statistically significant decrease in the postintervention IgG among children receiving LGG (109 734 EU vs 64 652 EU; P = .048; Supplementary Table 4) .
Diarrhea During Follow-up
During the follow-up period, 36 (29%) children had 1 episode and 7 (6%) had 2 further episodes of diarrhea. Children with rotavirus diarrhea receiving probiotics had significantly fewer subsequent diarrheal episodes than children receiving placebo (11/ ; P = .098). When children on antibiotics at the time of recruitment were excluded from analysis, the trend was similar but not statistically significant (Supplementary Table 2 ).
Other Illnesses During Follow-up
The majority of children (104/123 [85%]) had upper respiratory infections, and 12 had other illnesses during follow-up. These were distributed equally among children in the probiotic (56/ 64 [88%]) and placebo (49/59 [83%]; P = .486) groups.
Serious Adverse Events
Five children experienced serious adverse events requiring hospitalization; these were for lower respiratory infections, vulval abscess, and measles. Four were in the probiotic group, but no events were considered related to the intervention. All the children recovered.
Anthropometry, Hemoglobin, and Serum Ferritin Levels
The proportion of stunted children was greater in the LGG group than in the placebo group both pre-and postintervention, although the proportions of wasted and underweight children were comparable (Supplementary Tables 5 and 6 ). The proportions of children stunted, wasted, and underweight were comparable between children with rotavirus and cryptosporidial infection, pre-and postintervention.
Anemia (hemoglobin <11 g/dL) was diagnosed in 75 of 123 (61%) children and low serum ferritin (<12 ng/mL) in 53 of 120 (44.2%) children (Supplementary Table 5 ); proportions werecomparable between children given probiotics and placebo, both pre-and postintervention (Supplementary Tables 5 and 6 ). 
DISCUSSION
Supplementation with LGG for 4 weeks after acute infection improved intestinal permeability in children with rotavirus and cryptosporidial diarrhea, reduced the number of subsequent diarrheal episodes, and increased IgG response in children with rotavirus diarrhea. Although small, this is one of the few studies to examine mechanisms by which probiotics may prevent further damage or promote intestinal integrity in children, following infections of defined etiology. In 3 earlier randomized controlled studies with 105 children given LGG and 96 placebo controls, who started supplementation during acute diarrhea, the duration of diarrhea was significantly reduced (weighted mean difference, −2 days, 95% confidence interval, −2.3 to −1.7 days) [10] . One trial reported no effect on rotavirus diarrhea [10] . In our review, there are no studies on probiotics in cryptosporidial diarrhea, although a case study reported that LGG in treatment of cryptosporidiosis in a patient with celiac disease and chronic diarrhea resulted in resolution within 10 days of probiotic initiation [31] . In our study, administration of LGG did not decrease the duration of diarrhea in rotavirus and cryptosporidial diarrhea. This could be because the intervention was started later for children on antibiotics, but no differences in diarrheal duration were detected between antibiotic-treated and untreated children.
In a systematic review on the use of probiotics in infectious diarrhea [6] , 23 studies involving 1917 participants who received various probiotics, including LGG, were evaluated. Twelve of 23 studies reported no adverse events, 8 had no information on adverse events, and 3 reported adverse events, mostly vomiting, considered unlikely to be related to probiotics. In our study, 34% of the participants had 1 or more episodes of diarrhea during the follow-up period, with probiotics decreasing further diarrheal episodes in children with rotavirus at recruitment.
To our knowledge, this is the first study to investigate the effects of LGG on both immune response and intestinal permeability in diarrhea due to specific pathogens. Although a majority of the children had preexisting IgA and IgG antibodies to rotavirus (79/82) and IgA antibodies to Cryptosporidium species (33/42), nearly a third of all children (29/82 with rotavirus infection and 10/42 with cryptosporidiosis) showed a 4-fold decrease in IgA antibody levels. These findings and our previous studies have shown high levels of exposure in early childhood to both rotavirus and Cryptosporidium [32, 33] , and it is likely that the infection causing diarrhea in these children was not a primary infection. IgA levels would be expected to peak very early in nonprimary infection; hence, the large decrease in IgA levels during the convalescent phase possibly reflects an early peak in the antibody response at the time the baseline sample was obtained, followed by the rapid decline of IgA, which has a short half-life, to a 4-fold lower level 4 weeks following baseline sampling.
The mechanisms by which probiotics exert an immunomodulatory effect are not completely understood. Previous studies have shown that they modulate innate and adaptive immune responses [13] [14] [15] , particularly to gastrointestinal pathogens, increasing serum IgG and secretory IgA to enteric pathogens, including rotavirus, and to oral vaccines for poliovirus [34] , Salmonella typhi [35, 36] , and rotavirus [37] .
A few studies have shown that probiotics have a positive effect on intestinal permeability [38] whereas others have shown no association [39, 40] . In our study, almost 70% of children had impaired intestinal function at recruitment, decreasing to 55% at the end of follow-up. Children given LGG showed improvement in their intestinal function compared with those given placebo. A significantly elevated preintervention L:M ratio was observed among children with cryptosporidial diarrhea, indicative of more extensive acute intestinal damage caused by Cryptosporidium species. Although a significant intrachild reduction in median L:M ratio was observed in children with cryptosporidial diarrhea receiving LGG, the proportion of children with impaired intestinal function was comparable between the probiotic group and the placebo group at the end of follow-up, possibly due to the smaller sample size. In comparison, among children with rotavirus diarrhea, a significantly lower proportion of children receiving LGG had impaired intestinal function postintervention, even though the pre-/postintervention reduction in median L:M ratio was not statistically significant. Taken together, these findings suggest a beneficial role of LGG in restoring intestinal integrity in children with diarrhea due to either Cryptosporidium or rotavirus.
A major limitation of this study was the size, which may have resulted in insufficient statistical power to detect differences between the LGG and placebo groups for some of the outcome variables, especially among children with cryptosporidial diarrhea. Larger numbers of children and a long-term follow-up will, therefore, help us better understand the effect of probiotics on childhood enteric infections. Moreover, even though mothers were trained by the study nurse to reconstitute, boil, and sufficiently cool the milk (tested on the back of the hand) before addition of the contents of the capsule, the temperature of the milk was not recorded in the homes. Hence, it is possible that the probiotic was inactivated in incompletely cooled milk, although such instances would have been rare.
In conclusion, improvement in intestinal integrity in children with gastroenteritis treated with LGG emphasizes the role of probiotics in treating intestinal impairment postinfection. The positive immunomodulatory effect of LGG may also be useful in decreasing reinfections.
